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1 . 0  INTRODUCTION 

The A p o l l o  Command S y s t e m  p r o v i d p s  a means of  t r a n s -  
v i t t T u p  d a t a  a n  1. o t h i l r  i n f o r m a t i o n  n e c e s s a r y  for command 
p u r n o s e s  f rom t h e  Manned S p a c e c r a f t  C e n t e r  ( A S C )  i n  Hous ton  
t o  t h e  Apollo Commanl/Service Module,  t h e  L u n a r  Module or t h e  
S a t u r n  Launch V e h i c l c .  Command d a t a  i n  t h e  form o f  command 
l o a d s  a n d  e x e c u t e  command r e q u e s t s  ( E C R )  a r e  s e n t  f rom t h e  
M i s s i o n  C o n t r o l  Cen te r -Hous ton  ( M C C - H )  l o c a t e d  a t  MSC t o  t h e  
Goddard  Space  F l i g h t  C e n t e r  (GSFC) i n  G r e e n b e l t ,  M a r y l a n d ,  
o v e r  wide band da ta  l i n e s  a t  50.0 kbps*  and  a r e  t h e n  d i s t r i -  
b u t e d  t o  r e m o t e  s i t e s  o v e r  h i g h  s p e e d  da t a  l i n e s  a t  2 . 4  k b p s .  
The s i g n a l  p r o c e s s i n g  which r e s u l t s  a t  t h e  r e n o t e  s i t e  a n d  
a n y  s u b s e q u e n t  t r a n s m i s s i o n  to t h e  s p a c e c r a f t  depend  on  t h e  
t y p e  o f  command d a t a .  On b o t h  t h e  MCC-H-to-SSFC l i n k  and  
t h e  GSFC-to-remote s i t e  l i n k ,  t h e  command d a t a  i s  p r o t e c t e d  
by  a Bose-Chaudhuri-IIocquenghem ( B C H )  e r r o r  d e t e c t i n g  c c d e .  
I f  no  e r r o r  i s  d e t e c t e d  i n  t h e  ccmmand d a t a  r e c e i v e d  a t  t h e  
r e m o t e  s i t e  a v a l i d a t i o n  s i g n a l  c a l l e d  a Cormand A n a l y s i s  
P a t t e r n  ( C A P )  i s  s e n t  ‘[ ,hrough GSFC b a c k  t o  MPC-H o v e r  t h e  same 
t y p e  o f  c i r c u i t s  u s e d  f o r  t h e  command d a t a .  T h i s  CAP i s  
i t s e l f  p r o t e c t e d  by E C H  e r r o r  d e t e c t i n g  c o d e s .  

The p u r p o s e  o f  t h i s  r e p o r t  i s  t o  e s t ima te  t h e  p r o b -  
a b i l i t y  o f  a n  u n d e t e c t e d  word error i n  r e c e p t i o n  o f  command 
d a t a  a t  t h e  r e m o t e  s i t e  or i n  r e c e p t i o n  o f  a CAP a t  MCC-H.  
The p r o b a b i l i t y  o f  a word c o n t a i n i n g  a n  e r r o r  which i s  d e t e c t e d  
i s  a l s o  c o n s i d e r e d .  

The f o r m a t  of command da t a  i s  b a s i c a l l y  a 6 0  b i t  se- 
q u e n c e  o f  b i n a r y  symbols  c a l l e d  a s u b b l o c k .  The s u b b l o c k  con-  
s i s t s  o f  30  data  b i t s ,  2 7  p a r i t y  c h e c k  b i t s ,  a n d  3 f i l l e r  b i t s .  
T h i s  f o r m a t  i s  used from MCC-E,  t h r o u g h  GSFC t o  t h e  r e m o t e  s i t e .  
I n  a d d i t i o n ,  on t h e  l i n k  f rom MCC-H to GSFC, t h e  s u b b l o c k s  a re  
f o r m a t t e d  i n t o  a 6 0 0  L i t  b l o c k .  The 6 0 0  b i t  b l o c k  c o n t a i n s  8 
s u b b l o c k s  and  1 2 0  b i t s  of  c o n t r o l  i n f o r m a t i o n  i n c l u d i n g  33  p a r i t y  

- 

*The p r e s e n t  r a t e  i s  4 0 . 8  k b p s .  I t  w i l l  b e  i n c r e a s e d  t o  
5 0 . 0  kbps  for AS-205 and s u b s e q u e n t  m i s s i o n s .  
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c h e c k  b i t s .  I f  cimmand da ta  p a s s e s  t h r o u p h  t h e  GSFC and t h e  33 
p a r i t y  b i t s  do nuL, i n d i c a ; , e  a n  e r r o r ,  t h e n  t h e  1 2 0  b i t s  o f  con-  
trol i n f o r m a t i o n  jre :'e,noved and  t h e  da t a  i n  tile form o f  s u b b l o ( , k s  
i s  t r a n s m i t t e d  to t h e  r e m o t e  s i t e .  

The CAI'  i n d i c a t i : ? g  v a l i d a t i o n  ol" t h e  command. d a t a  re-  
c e i v e d  at t h e  r e n o t e  ,.ite i s  s e n t  b a c k  t o  ;/iSi2 i n  a ~ C J  loit s u b -  
b l o c k  which  include.; 1 4  p a r i t y  clleck h i t : ; .  A g a i n ,  I1,is subbloc ic  
becomes p a r t  o f  a ( G O  L i t  b l o c k  on t h e  l i n k  from GSFC t o  M S C .  

An e r r o r  i i i  L h e  command da ta  m a y  be d e t e c t e d  at GSFC, 
i n  which  c a s e  t h e  cia?<L i s  n o t  f o r w a r d e d  to t h e  r e m o t e  s i t e ,  or 
a n  e r r o r  m a y  b e  clt . tc(  i . ! I  a t  t h e  r e m o t e  s i t e .  i n  e i t h e r  c a s e .  R O  

C A P  w i l l  be  r i 7 t u r n e d  t o  : l C ? - l !  and  r e t r a n s m i k : s i o n  w i l l  o c c u r .  

F o r  a rior>e : letailed d e s c r i p t i o n  o f  t h e  g r o u n d  communi- 
c a t i o n  l i n k s  anu  T h e  s l ; ; n a l  p r o c e s s i n g  see Kefoi-ence (1). 

1 . 2  P e r f o r m a n c e  S p e c i f i c a t i o n ;  

T h e  Communicat ions D i v i s i o n  o f  CSFC p e r f o r m s  p e r i o d i c  
c h e c k s  on t h e  b i t  error r a t ??  o f  t h e  h i g h  syeed dai,a c h a n n e l s  to 
t n e  r e m o t e  s;te; a n d  t h e  k!i(le hand da t a  c h a p n e l s  to YSSC. Thede 
c u e c k s  c o n s i s t  o f  c o u r i i i n g  t h e  e r r o r s  which  o c c u r  i n  a kncwn 
pseudo-random s e q u e n c e  t r a n s p i t t e d  o v e r  a s i n g l e  c h a n n e l .  T h e  
e r r o r  c o u n t  i s  t a b u l a t e d  e v e r y  t h i r t y  m i n u t e s  o v e r  a 2 4  h o u r  p e r -  
i o d .  I f  t h e  e r r o r  r a t e  e x c e p d s  one  i n  lo5 on Pit!ier a h i g h  s p e e d  
or a wide  band l i n k  c o r r e c t i v e  a c t i o n  i s  t a k e n .  Error rq tes  l e s s  
t h a n  one i n  lo5 a re  c o n s i d e r e d  a c c e p t a b l e .  do n o r e  d e t a i l e d  sta- 
t i s t i c s ,  s u c h  a y  d i s t r i b u t i o n  o f  error b u r s t  l e n g t h s  a r e  take:? (2) 

T h e  h i g h e s t  r a t e  o f  u n d e t e c t e d  command da ta  word e r r o r  
w h i c h  i s  c o n s i d e r e d  a c c e p t a b l e  on t h e  o v e r a l l  t r a n s m i s s i o n  b e t w e e n  

MCC-H and  the  s p a c e c r a f t  i s  one  i n  1 0  . T h i s  i m p l i e s  t h a t  t h e  
g r o u n d  n e t w o r k  s h o u l d  p e r f o r m  a t  l e a s t  t h i s  w e l l  by i t s e l f .  

1 . 3  A n a l y s i s  

(1 

T h e r e  a r e  s e v e r a l  w a y s  to e s t i m a t e  t h e  e f f e c t i v e n e s s  
o f  a n  e r r o r  d e t e c t i n i ;  code  u s e d  on a p a r t i c u l a r  c h a n n e l .  S i m u l a -  
t i o n  i s  t h e  most  s t r a i & h t f o r w a r d  way. E i t h e r  u s i n g  t h e  p a r t i c u -  
l a r  c h a n n e l  i n  r e a l  t ime or u s i n g  a r e c o r d i n g  o f  i t s  e r r o r  p a t t e r n  
for a g i v e n  i n t e r v a l  of  t i n e ,  t h e  number o f  d e t e c t e d  and  unde- 
t e c t e d  word e r r o r s  c a n  b e  t a b u l a t e d .  T l l i s  has b e e n  done  for .;cine 

p a r t i c u l a r  c h a i n e l s  anci p a r t i c u l a r  c o d e s  (3,4) 

A l t e r n a t i v e l y ,  t h e  c h a n n e l  c a n  b e  m a t h e m a t i c a l l y  model- 
ed and  t h e  p e r f o r m a n c e  o f  t h e  code  c a n  b e  c a l c u l a t e d  d i r e c t l y  
based  on t h e  p a r a m e t e r s  o f  t h e  h o d e l  (5) . 
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The a p p r o a c h  u s e d  i n  t h i s  r e p o r t  l i e s  b e t w e e n  t h e  two 
a b o v e  e x t r e m e s .  The p r o b a h i l i t y ,  P ( m , n > ,  t h a t  m e r r o r s  o c c u r  i n  
a b l o c k  of n b i t s  i s  used a c c o r d i n g  to a method d e v e l o p e d  by 

I - , \  

The o n l y  d a t a  a v a i l a b l e  on NAECOi'V c i r c u i t  e r r o r s  i s  t h e  
o v e r a l l  e r r o r  r a t e .  n:; i t s e l f ,  t h i s  c a n  b e  u s e d  to o b t a i n  a bound 
on  t h e  p r o b a b i l i t ; :  o f  u n d e t e c t e d  error, b u t  t h e  bound i s  too 1ooL.e 
to b e  o f  any v a l u e .  Tlie v a l u e s  o f  P( in ,n)  u s e d  i n  t h e  a n a l y s i s  o f  

t h i s  r e p o r t  come f r o m  t h e  work o f  Townsend a n d  Wat t s (4 ) .  
f e l t ,  for r e a s o n s  r i v e n  b e l o w ,  t h a t  v a l u e s  o f  P ( m , n )  f r o m  t h e  
?JASCCI)I  c i r c u i t s  w o ~ t l d  ~ i c l d  r e s u l t s  v e r y  n e a r l y  t h e  saixe. 

It  i s  

:-easur?: '  ilts of  p r o b a b i l i t y  o f  d e t e c t e d  e r r o r  h a v e  b e e n  
made a n d  a re  r e p o r t c d  be low;  a s i m p l e  bound on p r o b a b i l i t y  o f  de-  
t e c t e d  e r r o r  bascd oil overall b i t  e r r o r  r a t e  i s  g;iven. 

2.0 AiJALYSIS OF CODES 

The BCIi c o d e s  used  i n  t h e  t r a n s m i s s i o n  o f  A p o l l o  com- 
mand da ta  a r e  ( n , k )  g r o u p  c o d e s ,  i . e . ,  e a c h  c o d e  word c o n s i s t s  o f  
IC h i t s  which  c a n  b e  s p e - . , i f i e d  a r b i t r a r i l y  f o l l o w e d  b y  n-k b i t s ,  
e a c h  o f  which  i s  a l i n e a r  c o m b i n a t i o n  o f  t h e  f i r s t  k t i t s .  T h e  

f i r s t  k b i t s  w h i c h  c a n  assume t h e  v a l u e  of  any of  t h e  2 p o s s i b l e  
k b i t  b i n a r y  s e q u e n c e s  a r e  c a l l e d  i n f o r m a t i o n  b i t s ;  t h e  f o l l o w i n g  
n-k b i t s  a r e  c a l l e d  p a r i t y  c h e c k  b i t s .  I f  any o f  t h e  r e c e i v e d  
p a r i t y  c h e c k  b i t s  f a i l  to e q u a l  t h e  a p p r o p i - i a t e  l i n e a r  c o m b i n a t i o n  
o f  r e c e i v e d  i n f o r m a t i o n  b i t s ,  a n  e r r o r  i s  el-aimed to h a v e  b e e n  
made. 

k 

The  e r r o r  d e t e c t i o n  c a p a b i l i t i e s  o f  BCH c o d e s  a n d  t h e  
i m p l e m e n t a t i o n  of  c o d e r s  and d e c o d e r s  i s  d i s c u s s e d  i n  d e t a i l  i n  
R e f e r e n c e  ( 6 ) .  

2 . 1  T r u n c a t e d  Codes 

The most  common farm o f  BCH c o d e s  h a v e  t h e  l e n g t h  n 
, . - . . - 7  L -  
C q U d l  L V  

m n = 2 - 1 , m = 3,4,5.. . 

For r e a s o n s  o f  f o r m a t t i n g  i t  may b e  d e s i r a b l e  to u s e  c o d e s  of 
a r b i t r a r y  l e n g t h .  The l e n g t h  o f  B C H  c o d e s  may b e  v a r i e d  a r b i -  
t r a r i l y  by t r u n c a t i n g .  I n  o p e r a t i o n ,  t h e  f i r s t  i i n f o r m a t i o n  
bits o f  e a c h  code  word are  assumed z e r o  a n d  n o t  t r a n s m i t t e d .  At 
t h e  d e c o d e r ,  t h e  r e c e i v e d  n - i  b i t  code  word i s  p r e f i x e d  by a se -  
q u e n c e  of i z e r o s  a n d  t h e n  d e c o d e d  as u s u a l .  The r e s u l t ,  i n  
e f f e c t ,  i s  a n  ( n - i ,  k-i) l i n e a r  code  which c a n  d e t e c t  any p a t t e r n  
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o f  e r r o r s  t h e  o r i g i n a l  ( n , k )  code  c o u l d  d e t e c t .  The p r o b a b i l i t y  
o f  u n d e t e c t e d  e r r o r  w i t h  t h e  t r u n c a t e d  c o d e  i s  g e n e r a l l y  less 
t h a n  w i t h  t h e  o r i g i n a l  code, b u t  t h e r e  i s  c o r r e s p o n d i n g  d e c r e a s e  

i n  i n f o r m a t i o n  rat(? (7) 

I n  t h e  Arlo110 cornmand d a t a  f o r r n a t s  t h e  ( 6 0 0 ,  567) c o d e  
i s  a t r u n c a t e d  ( 1 0 2 3 ,  990) c o d e ,  t h e  (57. 3 0 )  i s  a t r u n r a t e d  ( 6 3 ,  
36), a n d  t h e  ( 4 0 ,  2 6 )  i s  a t r u n c a t e d  (127, 1 1 3 ) .  

2 . 2  P r o b a b i l i t y  - o f  U n d e t c c t e d  E r , r o r  

c i i a r a c t e r i z e s  a c h a n n e l  ~y t h e  p r o b a b i l i t y ,  
P ( m , n ) ,  t h a t  m e r r o r : ;  o c c u r  i n  a b l o c k  o f  n t r a n s m i t t e d  kjits. 
The  c o r r e s p o n d i n s  p a r s m e t e r  o f  a code  i s  i t s  s p e c t r u m ,  ~ ( m ) ,  t1,e 
a v e r a g e  number o f  CG(ic worc?s a t  I!anirnin& d i s t a n c e  m f r o m  a t y p i c a l  
c o d e  x o r d .  Given  t h i s  i n f o r m a t i o n  t h e  a p p r o x i m a t e  p r o b a b i l i t y  o f  
u n d e t e c t e d  e r r o r  it; 

1: 

F u r t h e r m o r e ,  i f  t h e  ; p e c t r u m  o f  the c o d e  i s  n o t  known, o r  i f  t h e  
c o d e  i s  s o  l a rge  t h a t  t h e  s p e c t r u m  c a n n o t  h e  e a s i l y  computed ,  an 
e n s e m b l e  a v e r a g e  o v e r  all ( n , k )  c o d e s  y i e l d s  t h e  a v e r a g e  s p e c t r u m ,  

- ( n - k )  = 2  

I f  t h e  minimum Hamming d i s t a n c e  i s  known to b e  D ,  E q u a t i o n  (1) 
becomes 

n 

(3) T h e  d e r i v a t i o n  of a n d  w(m) which a re  d u e  t o  Elliot 
il 

are  g i v e n  i n  Appendices  A . l  a n d  A . 2 ,  r e s p e c t i v e l y .  

E l l i o t ' s  a n a l y s i s  a p p l i e s  t o  any g r o u p  c o d e .  It i s  
shown i n  Appendix A . 3  t h a t  a t r u n c a t e d  g r o u p  c o d e  i s  i t s e l f  a 
g roup  code  a n d  t h e r e f G r e  E q u a t i o n  ( 3 )  i s  a p p l i c a b l e  t o  t h e  t r u n -  
cated codes used i n  t h e  N A S C O N  n e t w o r k .  
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2 . 3  E v a l u a t i o n  o f  E s t i m a t e  o f  P r o b a b i l i t y  of U n d e t e c t e d  Error - -__ 

The a p p r o x i m a t e  s p e c t r u m  of  a c o d e  c a n  b e  e a s i l y  c a l -  
c u l a t e d  from E q u a t i o n  (2). V a l u e s  of  P ( r , i , n ) ,  h o w e v e r ,  a r e  n o t  
z v a i l a b l e  f o r  eitlli  1' t he  2 . 4  kbps  or t h e  5 0 . 0  k b p s  IJASCOM chan-  
n e l s .  The v a l u e s  f o r  P ( m , n )  u s e d  i n  t h e  f o l l o w i n g  a n a l y s i s  were 

o b t a i n e d  by Townsend a n d  d a t t r  (4) on 2 . 0  %by):- l i n e s  of v a r i o u s  
l e n g t h s .  The TownTend a n 3  Watts d a t a  h a d  a n  o v e r a l l  e r r o r  r a t e  
o f  3 . 2  x l r 5 .  

A l e x a n d e r ,  C r y b ,  a n d  d&st ( 3 )  o b t a i n e d  e r r o , .  s t a t i s t i c s  a t  6 0 0  
arid 1 2 0 0  b p s  o v e r  t e l e p h o n e  c h a n n e l s .  Thp o v e r a l l  e r r o r  r a t e ,  
t h e  i i s t r i b u t i o n  o f  e m o r  r a t e s  among c a l l : ; ,  a n d  P ( m , n )  agree 
c l o s e l y  b e t w e e n  t h e  A l e x a n d e r ,  Gryb ,  a n d  iJast da ta  a n d  t h e  

Townsend and  Watts d a t a  ( ' i y 9 ) .  
s t a t i s t i c s  on  t e l e p h o n e  cklannels a r e  n o t  s t r o n g l y  a f f e c t e d  by 
t h e  p a r t i c u l a r  s p e e d ,  l o d e n  or s e t  o f  lites u n d e r  c o n s i d e r a t i o n  

T h c r e  i s  solile J u s t i f i c a t i o n  f o r  u s i n p  tEiis d a t a .  

I t  i s  f e l t ,  t n e r e f o r e ,  t h a t  e r r o r  

A f u r t h e r  a s s u m p t i o n  i s  t h a t  t h e  p r e s e n c e  o f  s a t e l l i t e  
cornmunicat lon l i n k s  i n  some o f  t h e  A p o l l o  command d a t a  c h a n n e l s  
b e t w e e n  GSFC and remote‘ s i t e s  d o e s  n o t  a p p r e c i a b l y  a l t e r  P ( r n , n ) .  

3 . 0  PERFORMANCE OF CODES 

From t h e  v a l u e s  o f  P ( m , 3 1 )  and  P ( m , 6 3 )  d e t e r m i n e d  by 

Townsend and  Watts ( ' ) ,  t h e  v a l u e s  o f  P ( m , 5 7 )  a n d  P ( m , 4 9 )  were 
i n t e r p o l a t e d .  The a p p r o x i m a t e  c o d e  s p e c t r u m  f rom E q u a t i o n  ( 2 )  
was u s e d  i n  t h e  e x p r e s s i o n  f c r  p r o b a b i l i t y  o f  u n d e t e c t e d  e r r o r ,  
S q u a t i o n  (1). The r e s u l t s  w e r e ,  

( 4 )  -13 ( 5 7 ,  3 0 )  c o d e :  P = 2 . 1  x 1 0  
- 

U 
- 

( 4 0 ,  2 6 )  c o d e :  P = 2 . 2  x 10-9 
U 

(5) 

- mi- Illc - dl f fe i -e i ice  of roily o r d e r s  of magnitud~ i n  t h z  P is r e a s o n -  
U 

a b l e  b e c a u s e  of t h e  s h o r t e r  l e n g t h  a n d  sma l l e r  r e d u n d a n c y  o f  t h e  
( 4 0 ,  2 6 )  code  ( 3 )  . 

O f  c o u r s e ,  t h e  v a l u e s  o f  Fu shown i n  E q u a t i o n s  (4) and 
( 5 )  a p p l y  o n l y  t o  t r a n s m i s s i o n s  b e t w e e n  GSFC a n d  r e m o t e  s i t e s .  
E x a c t  a n a l y s i s  o f  t h e  6 0 0  bit code  on t h e  5 0 . 0  k b p s  l i n e  b e t w e e n  
GSFC a n d  MCC-H was n o t  p e r f o r m e d  b e c a u s e  P ( m , 6 0 0 )  c o u l d  n o t  b e  
a c c u r a t e l y  e x t r a p o l a t e d  from t h e  data  o f  Townsend and  Watts. It 
d o e s  n o t  a p p e a r  t h a t  t h e  o v e r a l l  v a l u e s  of would b e  more t h a n  

I1 
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t w i c e  t h o s e  v a l u e r ,  i n  h q u a t i o n s  (4) a n d  ( 5 ) .  The 5 0 . 0  k b p s  l i n e  

h a ?  a n  a v e r a g e  e r r o r  r a t e  a t  l e a s t  as good as  and i t  s h o u l d  
h a v e  b u r s t  c h a r a c i e r i s t i c s  somewhat s i m i l a r  t o  the o t h e r  t e l e -  
p h o n e  c h a n n e l s .  If t h e  33 p a i 7 i t y  c h e c k  bit. i n  t h e  6 0 0  b i t  h10c.l~ 
were n o t  c h e c k e d ,  t h e n ,  e f f e c t i v e l y ,  t h e  L O  b i t  b l o c k  would  b c  
e x p o s e d  t o  e r r o r s  for which i ' ( m , n )  would I J ~  t w i c e  t h a t  g i v e n  I;' 
t h e  Townsend a n d  Watts d a t a .  The f a c t  t h e  6 0 0  b i t  c o d e  w i l l  de-  
t e c t  t h e  v a s t  m a j o r i t y  o f  error p a t t e r n s  which  c a n  c o r r u p t  i t  
means t h a t  the o v e r a l l  v a l u e s  of  Fu a r e  much l e s s  t h a n  t w i c e  t h e  

v a l u e s  g i v e n  i n  Z q u a t i o n s  ( 1 1 )  a n d  ( 5 ) .  

3.1 P r o b a b i l i t y  of  D e t e c t e d  Error 

The p r o b a b i l i t y  o f  d e t e c t e d  error i s  of  i n t e r e s t  i n  
e v a l a a t i q  t h e  IdASCOi'4 s y s t e m .  T h e  r a t e  cf 6 0 0  b i t  b l o c x  d e t e c t -  
ed  errors was m e a s u r e d  d u r i n g  t h e  AS-501 m i s s i o n .  The a v e r a g e  

T h i s  a v e r a g e  was b 3 s e d  on  a n  eight hour p e r i o d  of' o b s e r v a t i o n .  
p r o b a b i l i t g  of  c i e t e c t e d  e r r o i '  i n  6 0 0  b i t  words w a s  5 . 0 6  x 10 -4 . 

No n i e a s u r e i i i e n t ~  o f  a s imi l a r  n a t u r e  were p e r f o r m e d  on 
t h e  2 . 4  k b p s  l i n e s .  I-Iowever a s i m p l e  u p p e r  bounc? c a n  b e  s t a t e d .  
I f  t h e  e r r o r s  on t h e  2 . 4  kbps l i n e  were i i i d e p e n d e n t  a n d  s c a t t e r -  
e d ,  t h e n  any s u b b l o c k  c o n t a i n i n g  a n  e r r o r  would most l i k e l y  con- 
t a i n  o n l y  a s i n g l e  e r r o r .  T h i s  i s  t h e  e x t r e m e  c a s e  a n d  d e t e r m i n e s  
a n  u p p e r  bound on t h e  p r o b a b i l i t y  of  d e t e c t e d  s u b b l o c k  e r r o r :  

P d -- < 6 0  x 1 x = 6 x (6) 

The p r o b a b i l i t y  o f  d e t e c t e d  e r r o r  p e r  6 0 0  b i t  b l o c k  i s  
a n  u p p e r  bound to t h e  p r o b a b i l i t y  o f  d e t e c t e d  e r r o r  p e r  6 0  b i t  
s u b b l o c k .  T h e r e f o r e ,  a bound on  t h e  o v e r a l l  p r o b a b i l i t y  o f  de- 
t e c t e d  e r r o r  p e r  6 0  b i t  s u b b l o c k  b e t w e e n  MCC-H and a r e m o t e  s i t e  
i s  

The  c o r r e s p o n d i n g  bound for t h e  40 b i t  CAF t r a n s m i t t e d  
from t h e  r e m o t e  s i t e  b a c k  to PICC-H i s  

(8) P < 5 x 1 ~  - 4  + 4 x 1 ~ - 4 = 9 x 1 ~  - 4  
d -  

3 . 2  D i s c u s s i o n  

The use of t h e  Townsend a n d  Watts d a t a  seems r e a s o n a b l e  
i n  v iew of t h e  f a c t  t h a t  e s s e n t i a l l y  no d a t a  f rom NASCOM c i r c u i t s  
i s  a v a i l a b l e  beyond j u s t  t h e  o v e r a l l  e r r o r  r a t e .  
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There  may  bc. a i r u e s t i o n  i n  t h e  reader's mind c o n c e r n i n g  
t h e  a c c u r a c y  o f  L l l i c ~ t ' s  e x p r e s s i o n  f o r  .F . E q u a t i o n  (3), s i n c e  

it d o e s  n o t  requii->:? kriowlcage o f  t h e  d i s t r i b u t i o n  af  b u r s t  e r r o r  
l e n g t h s .  E l l i o t  n i n i i i l a t e d  the u s e  o f  a BCH (31, 2 1 )  e r r o r  de- 
t e c t i n g  c o d e  usin!; t h e  A l e x a n d e r ,  Gryb ,  a n d  Nast d a t a .  The sim- 
u l a t i o n  r e s u l t e d  i I i  a p r o t j a b i l l t y  of e r r o r  2 0 %  l a r g e r  t h a n  t h a t  

t h e  r e s u l t s  o f  Zqu3t;i.7!, ( 3 )  a l s o  a g r e c  w i t h  s i i i i u l a t i o r i  t o  w i t h i n  
2 0 % .  T h u s ,  a l thcu, ; i ,  t h e  d e r i v a t i o n  of E q u a t i o n s  (1) a n d  ( 3 )  ( s ee  
A p p e n d i c e s  A 1  a n d  A2) may n o t  b e  i n t u i t i v e ,  t h e  r e s u l t s  a r e  
r e a s o n a b l y  accurst?. 

U '  

es t imated by Equ:it,;.(.,ii (1) u s i n g  P ( m , n ) .  A c c o r d i n g  to E l l i o t  ( 1 0 )  3 

I n  i t z  p - e , e n t  s t a t e ,  t h e  A p o l l ?  Zommand s y s t e m  works  
w e l l .  T r l e r e  a r e ,  i i n i f e v e r ,  t 7 J o  a l t e r n a t i v e s  w h i c h  m i g h t  be con- 
s i d e r s d .  r ' i r s t ,  t h c  redundancy  i n  t h e  6 0  b i t  s u h b l o c h  m i g h t  b e  
r e d u c e d  by rernovinc: check  b i t s ;  t h i ;  would f o r c e  closer to 
tlie lo-' l i m i t .  C l ~ i i - l y ,  f rom t h e  p e r f o r m a n c e  of  t he  (40, 2 6 )  
c o d e ,  t h e  command da t a  code word c o u l d  ht no s h o r t e r  t h a n  (40, 
3 0 ) .  Thus a g a i i ;  uf at illest 507 i n  i n f o r n l a t i o n  r a t e  miF;ht b e  
r e a l i z e d .  

U 

Second,  f'drward a c t i n g  e r r o r  c o r r e c t i o n  m i g h t  b e  i n -  
c o r p o r a t e d .  P u r e  e r r o r  c o r r e c t i o n  i s  p r o b a b l y  n o t  d e s i r a b l e  
b e c a u s e  of t h e  b u r s t  c h a r a c t e r i s t i c s  o f  t h e  c h a n n e l .  Codes r e -  
d u n d a n t  enough to c o r r e c t  s l m o s t  a l l  a n t i c i p a t e d  e r r o r  b u r s t  
p a t t e r n s  would r e s u l t  i n  a v e r y  low i n f o r m a t i o n  r a t e .  A h y b r l d  
e r r o r  d e t e c t i o n  a n d  c o r r e c t i o n  s y s t e m  would b e  b e t t e r  t h a n  a 
p u r e  c o r r e c t i o n  s y s t e m .  The l i y b r i d  c o d e  c o u l d ,  for e x a m p l e ,  
c o r r e c t  a l l  s i n g l e  a n d  d o u b l c  e r r o r z ,  and  d e t e c t  t h e  m a j o r i t y  
of t h e  l o n g  b u r s t  e r r o r  p z t t e r n s .  The e l . i n t  g a i n  i n  i n f o r m a t i o n  
t h r o u g h o u t  r a t e  p o s s i b l e  v i t h  h y b r i d  c o d i i i c  would r e q u i r e  f u r -  
t h e r  a n a l y s i s .  

It i s  i n s t r u c t i v e  t o  c o n s i d p v  t h e  e f f e c t  of r e d u c i n g  
t h e  r e d u n d a n c y  i n  t h e  6 0  b i t  s u b b l o c k  o n  t h e  s p e e d  o f  o p e r a t i o n  
o f  t h e  A p o l l o  Command Sys tem.  Command l o a d c  a r e  s e n t  to r e m o t e  
s i t e s  and  s t o r e d  w e l l  b e f o r e  t h e i r  i n t e n d e d  u s e .  Thus t h e  i n -  

o f  o p e r a t i o n  of t h e  o v e r a l l  s y s t e m .  On t h e  o t h e r  h a n d ,  a n  ex-  
e c u t e  command r e q u e s t  i s  executed.  i m m e d i a t e l y  upon r e c e i p t  a t  
t h e  r e m o t e  s i t e .  
shown t h a t  e v e n  by  reriioving a l l  r e d u n d a n c y  f r o m  t h e  6 0  b i t  ECR 
s u b b l o c k  t h e  d e l a y  b e t w e e n  commanding t h e  ECR a t  MCC-H a n d  i t s  
e x e c u t i o n  a t  t h e  r e m o t e  s i t e  would b e  r e d u c e d  by no more t h a n  
10::. 

f Q r m a t i a n  r a t e  o f  the csyuTai?d l o a d s  h a s  no  e f T e c t  O I I  , ,  Lrie  speed  

has  An a n a l y s i s  o f  t h e  d e l a y  t i m e s  i n v o l v ? d  (1) 

I n  c o n c l u s i o n ,  t h e  e r r o r  d e t e c t i n g  c o d i n g  i n  t h e  
A p o l l o  Command Sys tem ground n e t w o r k  o f f e r s  t h e  d e s i r e d  
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p r o t e c t i o n  aga ins t  u n d e t e c t e d  e r r o r  w i t h  a n  a c c e p t a b l e  c o s t  i n  
t i m e  d e l a y .  

/ 

, 6 4 4  : ' ' I ,  ;. ),;? / 

2034-BPT-jcd €3. P. Tunstall 

A t t a c h m e n t  
( A p p e n d i c e s  1-3) 
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A P P E N D I X  A 1  

P r o b a b i l i t y  of U n d e t e c t e d  i , r r o r  

L e t  x r e p r e s e n t  a c o d e  word i n  t h e  code  C. L e t  y pep-  
r e s e n t  any r e c e i v e d  word. a n  
u n d e t e c t e d  e r r o r  o c c u r s  i I "  the r e c e i v e d  word ,  y ,  i s  a c o d e  word 
d i f f e r e n t  f rom t h e  t r a n s m i t t e d  c o d e  w o r d ,  Thus t h e  p r o b a b i l i -  
t y  o f  a n  m d e t e c t e d  e r r o r  when x i s  t r a n s m i t t e d  i s  

Nhen u s i n g  a n  e r i - o r  d e t e c t i n g  c o d e ,  

x. 

where P(x+y) i s  t h e  p r o b a b i l i t y  t h a t  the c h a n n e l  c h a n g e s  the word 
x to a word y .  
q u e r i c i e s ,  t h e  avera[;e of t h e  a b o v e  p r o b a b i l i t y  i s  

Assuming t h e  code  words a r e  u s e d  w i t h  e q u a l  f r e -  

w h e r e  N i s  t h e  number of  code words  i n  t h e  c o d e .  Thus P, i s  t h e  

p r o b a b i l i t y  of  u n d e t e c t e d  error when u s i n g  a s p e c i f i c  c o d e  U 
C on 

a s p e c i f i c  c h a n n e l .  

Now assume t h a t  the c h a n n e l  i s  known t o  b e  s y m m e t r i c  
a n d  t o  h a v e  s p e c i f i e d  v a l u e s  of P ( m , n ) ,  t h e  p r o b a b i l i t y  of m 
errors i n  a b l o c k  o f  n symbols ,  but t h a t  no  more d e t a i l e d  s t a -  
t i s t i c s  a r e  known. Symmetry i m p l i e s  

P ( x - + y )  = F ( Z )  

w h e r e  
Z = y-x (mod 2 )  

S i n c e  P(x+y) c a n n o t  b e  c a l c u l a t e d  f o r  t h i s  c h a n n e l ,  Pu w i l l  b e  

a v e r a g e d  o v e r  a l l  t h e  p e r m u t a t i o n s  of b i t  p o s i t i o n s  i n  e a c h  b l o c k  
o f  n b i t s .  Let TT d e n o t e  a p e r m u t a t i o n  of n b i t s .  
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Any n - a l a c e  b i n a r y  s e q u e n c e  c o n t a i n i n g  e x a c t l y  m o n e s  i s  l e f t  
i n v a r i e n t  b y  m!  (n-in)! p e m u t a t i o n s  of i t s  d i g i t s .  T h e r e f o r e ,  i f  
Z c o n t a i n s  n: c c e s ,  

w h e r e u  is any n - p l a c e  b i n a r y  s e q u e n c e  w i t h  e x a c t l y  m o n e s .  
T h u s ,  

n 

where  ~ ( m )  i s  t h e  a v e r a g e  number o f  code  words a t  a d i s t a n c e  m 
f rom a t y p i c a l  code  word .  
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Average Code S p e c t r u m  

It i s  known (6) t h a t  t h e r e  a r e  2 '~ ( n- ) d i  s t i n c t g r o u p  
c o d e s  o f  b l o c k  l e n g t h  n arid d i m e n s i o n  k .  Also, a g i v e n  b i n a r y  

word ,  Z ,  o f  l e n g t h  n w i l l  b e l o n g  t o  2 (k- l )  ( n - k )  o f  t h o s e  c o d e s  
p r o v i d e d  t h e  i n f o r m a t i o n  p o r t i o n  of Z d o e s  n o t  c o n t a i n  o n l y  0's. 
Now, t h e r e  a r e  

b i n a r y  words  o f  w e i g h t  rn h a v i n g  n o n z e r o  i n f o r m a t i o n  p a r t s  when- 
e v e r  O<rn<n-k, and  t h e r e  a r e (  :] s u c h  words  wheneve r  n-k<mLn. 

f o r e ,  t h e  a v e r a g e  number w(m) o f  code  words  o f  w e i g h t  m i s  

T h e r e -  - 

when 

and  

O < m < n - k  - 

when 

T h i s  a v e r a g e  i s  o v e r  a l l  g r o u p  c o d e s  o f  block l e n g t h  n and  dimen- 
s i o n  k .  

If t h e  minimum d i s t a n c e  o f  a code  i s  D ,  t h e  p r o b a b i l i t y  
o f  u n d e t e c t e d  e r r o r ,  E q u a t i o n  (A6), c a n  b e  w r i t t e n :  
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Group P r o p e r t y  o f  T r u n c a t e d  Code 

Any code  i s  a g r o u p  code  i f  i t  s a t i s f i e s  t h e  f o u r  
ax ioms which  d e f i n e  a g r o u p :  c l o s u r e ,  i d e n t i t y ,  i n v e r s e ,  and 
a s s o c i a t i v i t y .  

Deno te  by c t h e  o r i g i n a l  code  and  b y  c T  t h e  t r u n c a t e d  

c o d e .  L e t  x and  y b e  code  words  i n  c a n d  x' and y '  t h e  t r u n c a t -  
ed v e r s i o n s  o f  those code  w o r d s .  

The T' To show c l o s u r e ,  assume x '  and  y '  a re  i n  c 
g e n e r a t i n g  code  words x and y must  h a v e  z e r o s  i n  t h e  f i r s t  i 
y V U - L V - L V L L U .  Ll l ( r lu  v l l L  LuuL v v u I ~  A 1 :$ (mod 2) must  h a v e  z e r o s  i n  
t h e  f i r s t  i p o s i t i o n s .  T h e r e f o r e ,  x '  + y '  i s  i n c  
n n c i  t ?  _ n o  4-L- , . -A, .  ..---J -- 1 

T' 
S i n c e  t h e  z e r o  v e c t o r  i n  c h a s  z e r o s  i n  t h e  f i r s t  i 

p o s i t i o n s ,  C w i l l  c o n t a i n  a n  all z e r o  v e c t o r  which  p r o v i d e s  an 
i d e n t i t y .  

T 

Any code  word i n  C T  i s  i t s  own i n v e r s e .  

The code  C i s  c l e a r l y  a s s o c i a t i v e .  T h e r e f o r e  c i s  

a g r o u p  c o d e .  
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